Abstract-This paper proposes a full order nonlinear dynamic model for a DC-DC Multilevel Boost Converter (MBC). This model is based on the equivalent circuits that depend on the commutation states of the converter. A reduced order nonlinear model to approximate the dynamics of the MBC containing any number of levels is also obtained. In addition, an input-output feedback linearization controller is derived and implemented. The stability of the closed loop system is analyzed. A Linux-based real-time software is employed for obtaining the experimental results of the closed loop system.
I. INTRODUCTION
During the last decades, increased attention has been given to renewable energy generation systems. There are plenty of issues to be analyzed and solved in this area. For example, the low DC voltage provided by renewable energy sources has to be boosted before being inverted and connected to the grid. Addressing this particular problem, several transformer-less DC-DC converters with high efficiency and high boost ratios have emerged. Some of these converters have high complexity compared to a conventional single switch converter [1] - [5] .
The DC-DC Multilevel Boost Converter (MBC) studied in this paper is a power electronics device that was recently proposed [6] [7] . The MBC presents several advantages in comparison to the conventional boost converter and other topologies. Figure 1 shows the MBC discussed in this paper. Some of the advantages are fewer components, self voltage balancing [8] and high voltage gain without using an extreme duty ratio and without employing a transformer. In addition, more levels can be added without modifying the main circuit [6] .
There are several contributions in this paper. Since the MBC is a recently proposed topology its dynamic model is not available in the literature. We propose both a full order nonlinear dynamic model and a reduced order nonlinear dynamic model for the MBC. In addition, a new controller for the MBC is obtained by utilizing the differential geometry theory [13] . In particular, input-output feedback Authors linearization is employed to control the inductor current. In our approach, the output voltage is indirectly controlled by defining a reference for the inductor current. The controller is derived by using the proposed reduced order model. The stability of the zero dynamics of the closed loop system is analyzed. Experimental results of the closed loop implementation are also presented.
Previous works present different models for other boost converters. In [9] authors propose both nonlinear and average linear models for a quadratic boost converter. In [10] , authors propose a single-input-single-output model for an AC-DC boost converter; the model is similar to the model of the conventional DC-DC boost converter. Different control techniques for power electronics devices can be found in the literature. In [11] , a wide series of control techniques are presented for well known power electronics converters, including the conventional DC-DC boost converter. In [5] , authors present experimental results of the implementation of a current-mode control for the quadratic boost converter. In [12] , authors present some current controllers for three-phase boost rectifiers.
Before proceeding with the modeling an important feature of the MBC will be studied.
II. VOLTAGE BALANCING
One of the features of the MBC is voltage balancing [8] . In other words, the voltage across every capacitor at the output of the MBC tends to be equal. conditions these voltages are similar. In order to illustrate this feature the 3x MBC will be considered. It is clear that the electrical diagram of the 3x MBC shown in Fig. 2 is a particular case of the Nx MBC in Fig. 1 . The transient behavior of the voltages across the capacitors at the output are depicted in Fig. 3 . These traces were obtained by using the Synopsys Saber software and employing the electrical diagram of the 3x MBC. Average voltages in and ( and respectively) are identical, while the average voltage in ( ) is similar, see Fig. 3 . This behavior is still present in a MBC having any number of levels (any number of capacitors) at the output.
On the other hand, it is important to note that the MBC was designed for increasing the gain of the voltage by adding capacitors at the output [6] [7] . In our reduced order modeling approach, the main interest will be focused on defining the dynamics of an approximate output voltage rather than defining the dynamics of the voltage across every capacitor at the output.
The output voltage, during transient and steady state conditions, is defined as the sum of the voltages across the capacitors at the output of the MBC. 
III. MODELING OF THE DC-DC MULTILEVEL BOOST CONVERTER
In this section we will be presenting both the full order nonlinear dynamic model and a reduced order nonlinear dynamic model for the MBC. The proposed models are obtained from the equivalent circuits depending on the commutation states of the converter. The derived reduced order model is able to define an approximate dynamics for the MBC containing any number of levels without modifying the order of the dynamic model. This feature provides several advantages for control design and implementation.
A. Full Order Modeling
Let us consider the electrical diagram in Fig. 4 that depicts a 2x MBC. This converter has capacitors at the output ( and ). For this particular converter the number is equal to 2. In this section is a notation related to a voltage across a capacitor that is not at the output of the MBC.
In addition, let us define an input associated with the commutation states of the switch. Equations (1)- (4) In equation (2) and (4), function represents a very fast transient that occurs when capacitors and are connected in parallel (see Fig. 5 ). Function is given by the following equation where is a very small resistance. If it is assumed that the resistances of the diodes and capacitors are neglected then the value of tends to be zero.
As voltages across capacitors and tend to be equal, the function approximates to zero. Therefore, defines the dynamics in which obtains energy from when the switch is closed. The rest of the terms of the state equations (1)- (4) produce slower transients. Figure 6 shows the equivalent circuit when the switch is opened, this is . Equations (5)- (8) Let us consider the inductor current as the output of the dynamic system, this is (9) The selection of this variable as an output will be explained as the controller is derived in Section IV.
The full order nonlinear dynamic model is composed by state equations (1)- (8) and the output equation in (9) . When more levels are added to the circuit (see Fig. 1 ), the number of equations increases as well, however the system has always the same circuital structure. It is clear that the dimension of the state space increases when more capacitors are added. However, it is possible to make use of the voltage balancing feature of the MBC and obtain a reduced order model. This model should be able to approximate the dynamics of the system having any number of levels.
B. Reduced Order Modeling
With the purpose of reducing the order of the system, let us consider Fig. 7 and Fig. 8 . They depict the equivalent circuits for a 2x MBC when , and . They correspond to Fig. 5 and Fig 6, By employing basic principles and setting , the equivalent capacitors become and . In addition, the voltage across each capacitor at the output will be considered as the output voltage divided by the number of levels at the output ( . This assumption is supported by the voltage balancing feature of the MBC. In terms of equations we have (10) where denotes the output voltage. If there is any number of levels we may write (11) Employing the equivalent circuit shown in Fig. 7 and using equation (11) the dynamics for inductor current and the output voltage can be written as (12) (13) It is clear that expressions (12)- (13) are valid when the switch is closed. On the other hand, based on the equivalent circuit in Fig. 8 and using equation (11), the dynamics of the system is defined as (14) (15) Equations (14)- (15) are valid when the switch is opened. Expressions (12)-(15) may be written into a more compact form that is valid for both commutation states . This is (16) (17) Average models are frequently employed for defining average feedback control laws in power electronics converters [11] . These models represent average currents and voltages. From equations (16) and (17) (20) and (21) and employing the inductor current as the output to be controlled, the reduced order nonlinear dynamic model for the MBC may be expressed as The simulation of the full order model is carried out using the Synopsys Saber software and employing the electrical diagram of the 2x MBC, while the simulation of the reduced order model is obtained by using the MATLAB software to solve equation (22) . The parameters involved in this simulation are , , , 
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IV. CONTROL LAW
In this section, a controller based on the input-output feedback linearization theory [13] is defined for a MBC having an arbitrary number of levels N. This controller is derived by utilizing the reduced order model in (22) .
Employing the input-output feedback linearization technique, the following input can be considered
Where is the relative degree of the system [13] , and it is obtained from since system in (22) has a relative degree equal to 1 providing that . Therefore, the input may be written as [13] (23) where By substituting the input (23) into (22), the state equation corresponding to the inductor current is transformed into a linear form, this is (24) In addition, parametric uncertainty will be addressed by using an integrator, this is (25) Then, a standard state feedback for the linear subsystem composed by (24)- (25) is defined as follow (26) In this particular case, the poles of the linear subsystem were proposed by considering a desired time constant for the closed loop system. The proposed poles are Employing the pole placement technique [11] , the following gains are calculated It is clear that the stability of the equilibrium point associated with the subsystem defined by (24) and (25) is guaranteed by selecting adequate gains of the standard linear state feedback in (26). On the other hand, the stability of the equilibrium point of the subsystem defined by the second state equation in (22) may be verified by analyzing the zero dynamics of that subsystem [13] .
In order to analyze the zero dynamics, let us assume that and . Under these conditions, it is clear that for all t. The input can be rewritten now as , we obtain
From a practical standpoint, the duty cycle is defined in the range (0,1). This is . Therefore . Since parameters , and are strictly positive, the derivative is negative definite. Therefore the zero dynamics of the MBC is stable at .
V. EXPERIMENTAL RESULTS
As it was established earlier, the output voltage is indirectly controlled by defining a reference for the inductor current in terms of the desired output voltage. The expression that relates both variables is derived by carrying out a steady state analysis of the dynamic model in (22), i.e. The parameters involved in the implementation are: , , , , and . Figure 12 shows the experimental and simulated traces of the output voltage. It is important to note that since power losses in some electronic devices (diodes, transistor) are not included in the model defined by (22), the actual experimental measured output voltage is slightly smaller than the desired one.
Another experiment was designed for the purpose of testing the closed loop system in more demanding conditions. In the previous test the input voltage E is constant. In this new test, the input voltage E is varied as it is shown in Fig. 13 . According to expression (29) the set point for the inductor current is calculated (in real time) as the input voltage E is varied. Figure 14 shows the experimental measured inductor current. The resulting experimental measured output voltage is depicted in Figure  15 . model is able to define an approximate dynamics for the MBC having any number of levels. A good agreement is obtained when comparing the full order and the reduced order models. In addition, the output voltage is indirectly controlled by using a control law based on the input-output feedback linearization technique. The controller is derived using the reduced order model of the MBC. Excellent experimental results are shown for a 2x MBC. In future works, a controller for the MBC having higher number of levels will be implemented by using the reduced order model derived in this paper. 
